Our objectives were to evaluate the time course for atenolol pharmacokinetics in lactating women postpartum and to quantify atenolol plasma concentrations in their 3-4 months old nursing infants. Data were collected over one dosing interval from lactating women treated with atenolol for therapeutic reasons, at 2-4 weeks (n=32), 3-4 months (n=22), and 6-8 months (n=17) postpartum. A single blood sample was collected from 15 nursing infants (3-4 months of age) of the mothers participating in the study. At 2-4 weeks, 3-4 months, and 6-8 months postpartum, atenolol infant dose, relative to the mother's weight-adjusted dose, were 14.6 ± 7.6%, 8.3 ± 5.2% and 5.9 ± 2.9%, respectively. Over this time, maternal atenolol pharmacokinetics did not change to a clinically significant extent. Atenolol concentrations were below assay quantification limits (< 10 ng/mL) in the plasma of all 3-4 months old nursing infants studied. Our findings support the careful use of atenolol during breastfeeding, since in the vast majority of healthy, term infants, atenolol concentrations will be too low to be clinically relevant. Premature infants and those with kidney disease require further study. Infant exposure depends on maternal dose and decreases during the first 6-8 months postpartum.
INTRODUCTION
Atenolol is used in some medical centers for the management of hypertension during and after pregnancy. However, the American Academy of Pediatrics cautions against the use of atenolol during breastfeeding 1 and product labeling for atenolol states that "Atenolol is excreted in human breast milk at a ratio of 1.5 to 6.8 when compared to the concentration in plasma. Caution should be exercised when [atenolol] is administered to a nursing woman. Clinically significant bradycardia has been reported in breast-fed infants. Premature infants, or infants with impaired renal function, may be more likely to develop adverse effects." 2 These warnings are based on a single case report describing bradycardia and cyanosis in a 5 days old nursing infant whose mother was taking atenolol (50 mg twice daily) for the treatment of postpartum hypertension, 3 and on measurements of atenolol concentrations in breast milk in several case reports 3 -5 and small studies. 6 -8 In two of those studies, the breast milk-to-plasma concentration ratios were determined based on a single time point measurement (2 hours post-dosing in 5 women) 8 or samples obtained on 3 to 7 occasions post-dosing (7 women). 7 Another study assessed the plasma-to-milk ratios based on repeated measurements over the entire dosing interval, but results are based on measurements in only 4 women. 6 In this study, most samples were obtained from the left breast, and differences were found between the right and the left breast milk concentrations of atenolol. Thus, the actual amount of atenolol excreted in the breast milk over a dosing interval has not been previously characterized in detail. In addition, high milkto-plasma ratios indicate significant infant exposure to the drug only if the amounts ingested by the infant are greater than those required for pharmacological effect. Furthermore, infant exposure to atenolol through breast milk may change if maternal absorption, distribution and elimination of atenolol, including excretion into breast milk, change with time postpartum (PP). We recently reported that atenolol renal clearance was higher during the second and third trimesters of pregnancy as compared to three months PP. 9 The time course for atenolol pharmacokinetics (PK) returning to baseline PP has not been characterized.
Because of the health benefits for infants, exclusive breastfeeding for ≥ 6 months is recommended by the American Academy of Pediatrics and the World Health Organization. 10, 11 However, women on medications may avoid either breastfeeding or pharmacotherapy because of concerns about risks to their nursing infant. 12 Thus, the objectives of the current study were to evaluate the time course for atenolol PK in lactating women and quantify atenolol plasma concentrations in their 3-4 months old nursing infants.
METHODS
We examined the time course of steady-state oral atenolol PK in lactating women 2-4 weeks (n=32), 3-4 months (n=22) and 6-8 months PP (n=17). Subjects treated with atenolol for medical reasons were screened and consented at the University of Washington Maternal Infant Care Center between January 2005 and February 2008. All women enrolled in the study had the intent to breastfeed their infant for 6-8 months and complete all 3 study days. However, substantial dropout occurred throughout the study, leading to a larger number of women completing the earlier study days. For each subject that completed the study, the 6-8 months PP study day served as control because the pregnancy changes in atenolol PK were expected to have returned to baseline by that time. The study protocol was approved by the University of Washington Investigational Review Board and written informed consent was obtained from all subjects.
Subject Selection
Based on our data evaluating atenolol PK in pregnancy and PP, 9 our power analysis demonstrated that 13 subjects completing all 3 study days would be necessary to detect a 25% change in renal clearance with 80% power, intra-subject correlation of 0.50 and P < 0.025. Given the extremely high dropout rate and the prolonged duration of the study (6-8 months), we enrolled women until 13 were anticipated to complete all 3 study days. By the time the thirteenth woman completed her third study day, several other women had already started the study and were therefore continued in the study such that a total of 32 women participated in the study and 17 women completed all 3 study days.
Maternal subjects were prescribed atenolol with dosages adjusted based on clinical need, without regard to the study. Women were eligible if they were 18-50 years of age, receiving atenolol for therapeutic reasons, planning to nurse their infant for ≥ 6 months and on a stable atenolol dose for 3 days prior to each study day. Women were excluded for hematocrit < 28%. Infant subjects were eligible if their mothers were taking part in the atenolol PK study and nursing.
Maternal Dosing Regimen
Total atenolol daily dosages (range 25-200 mg/day) were divided in half and given every 12 hours, with tablets (Mylan Pharmaceuticals Inc, Morgantown WV) provided by investigators for the 3 days prior to each study day. Subjects kept dosing calendars for the 3 days prior to each study day and pill counts were conducted. Subjects fasted (except for clear liquids) for 6 hours prior to study drug administration until 1 hour post-dosing and avoided caffeinecontaining foods and beverages for 24 hours prior to each study day and throughout sampling.
Sample and Data Collection
Maternal Subjects-Serial blood samples were collected on all study days from an indwelling venous catheter for measurement of atenolol plasma concentrations. On the 2-4 weeks study day, collection times were: 0, 0.5, 1, 2, 3, 4, 6, 8, 10 and 12 hours post-atenolol dosing. During the 3-4 and 6-8 months study days, the protocol was the same except that the 10 hour sample was shifted to 9 hours to correspond with the breast milk sample collection. Urine collections were performed 0-4, 4-8 and 8-12 hours post-dosing. Breast milk collections were performed at 2 hour intervals (2-4 weeks) or 3 hour intervals (3-4 months and 6-8 months) using the Medela ClassicR double electric breast pump, over the 12 hour study period. Both breasts were completely emptied of milk during each collection and nursing was not allowed during study days. A small breast milk aliquot was saved for determination of atenolol concentration and the remaining milk returned to the mother for feeding her infant.
Infants-During the 3-4 months study day, a single blood sample was collected ~9 hours after maternal dosing from 15 nursing infants for measurement of atenolol concentration. Volume of breast milk consumed by the infant over the time interval from maternal atenolol dose to infant blood sample collection was recorded. Resting and crying heart rates were measured prior to and immediately following blood sample collection.
Sample analysis-Atenolol plasma concentrations were determined by high-performance liquid chromatography with ultraviolet detection as previously described. 9 Atenolol urine and breast milk assays were conducted with minor modifications of the previous assays as described below. Urine standards, quality controls, and samples were extracted and assayed as described in the plasma assay, 9 with the following exceptions. Standards were prepared in 50 μL of blank urine and 450 μL of deionized water. One hundred μL of atenolol stock solutions and albuterol (Sigma-Aldrich, St. Louis, MO) solution in methanol were added to tubes and evaporated to create 8 standards at urine concentrations of 0.2-32.0 μg/mL. One hundred μL of albuterol internal standard solution was added prior to 50 μL of urine and 450 μL of distilled water for samples. A few urine samples with concentrations above the standard curve were diluted 50-fold and re-assayed. Atenolol urine concentrations for all three phases for each subject were assayed in duplicate during the same run. Intra-day and inter-day coefficients of variation were below 2.6% and 4.6%, respectively.
Breast milk samples were extracted and assayed as described previously for plasma samples, 9 except extraction was performed on 100 μL breast milk (blank for standards) and 400 μL deionized water. The five point standard curve corresponded to 50-1000 ng/mL breast milk concentrations before dilution. The intra-day and inter-day variability were below 6.6% and 10.7%, respectively.
Data analysis
Non-compartmental PK analysis was performed using Microsoft Office Excel 2002 (Microsoft, Redmond, WA), as previously described. 9 The amount of atenolol excreted in the breast milk for each collection interval was summed over the 12 hour dosing interval (breast milk volume•concentration for each interval). The percent of maternal dose excreted in breast milk was determined by (amount of atenolol excreted in the breast milk over 12 hours/maternal dose)•100. Breast milk:plasma ratio was determined by breast milk area under the concentration-time curve (AUC)/maternal plasma AUC over 1 dosing interval. Atenolol clearance from maternal plasma into breast milk (henceforth referred to as mammary clearance) was calculated by (amount of atenolol excreted in the breast milk over 12 hours/maternal plasma AUC). Actual body weights were used for weight adjusted parameters. Infant daily exposure was calculated by (amount of atenolol excreted in the breast milk over 12 hours•2)/ body weight of an age-matched 50 th percentile infant girl, 13 conservatively assuming consumption of twice the volume of milk obtained from the mother over one daytime 12-hour dosing interval. Relative infant dose was calculated by [(amount of atenolol excreted in the breast milk over 12 hours•2) / body weight of an age-matched 50 th percentile infant girl)] / [(maternal daily dose/actual mother's body weight)]*100. Maternal creatinine clearance was calculated by CrCl = (Uv•UCr)/(SCr•time), where Uv was urine volume, UCr was urine creatinine, and SCr was serum creatinine.
Statistical analysis
Paired Student's T-test with Bonferroni's correction was used to compare the subject characteristics and the estimated maternal PK parameters for the 2-4 weeks and 3-4 months study days to the 6-8 months PP study day as well as resting and crying infant heart rates. Results are reported as mean ± standard deviation unless otherwise indicated, with P < 0.025 considered significant.
RESULTS
Of the 32 women that completed the first study day (Table 1) , five women stopped breastfeeding, 4 stopped atenolol treatment, 3 were lost to follow up and 3 stopped the study for technical reasons such that sampling completion was not possible, before completion of all 3 study days. The races/ethnicities were 26 White, 1 Pacific Islander, 1 Pacific Islander/Asian, 1 Hispanic/Latina, 1 Native American, 1 Asian and 1 Black. The women were treated with atenolol for hypertension (n=28), hypertrophic cardiomyopathy (n=2), or cardiac arrhythmias (n=2).
Following administration of atenolol 25, 50, 100 and 200 mg/day, the mean daily excretions of atenolol in breast milk at 2-4 weeks PP were 227 ± 80 μg (range 138-345 μg; n = 8), 350 ± 167μg (range 56-630 μg; n = 16), 429 ± 126 μg (range 307-596 μg; n = 4) and 350 ± 524 μg (range 30-955 μg; n = 3), respectively (Figure 1) . At 3-4 months, the amounts of atenolol excreted in the breast milk daily were 198 ± 72 μg (range 72-294 μg; n = 9), 265 ± 175 μg (range 11-462μg; n = 8), and 413 ± 530 μg (range 11-1191 μg; n = 4), at maternal doses of 25, 50 and 100 mg/day, respectively. The amounts of atenolol excreted daily at 6-8 months were 168 ± 71 μg (range 83-273 μg; n = 8), 267 ± 116 μg (range 18-345 μg; n = 7), and 259 μg (n=1) at maternal doses of 25, 50 and 100 mg/day, respectively. The relative infant doses as a percentage of the mother's weight-adjusted dose were 14.6 ± 7.6% (range 0.4-34.8%), 8.3 ± 5.2% (range 0.3-17.8%) and 5.9 ± 2.9% (range 0.5-14.1%), at 2-4 weeks, 3-4 months, and 6-8 months PP, respectively. One woman during each of the 3 study days had technical difficulties during breast milk collection. Therefore, the amounts excreted in the breast milk are based on a total of 31 women for the 2-4 weeks, 21 women for the 3-4 months, and 16 women for the 6-8 months study days.
Across all subjects and study days, atenolol AUC in breast milk correlated linearly with maternal dose and maternal plasma AUC (r = 0.73; P < 0.01 and r = 0.96; P < 0.01, respectively; Figure 2 ). Within study days, the correlation between atenolol AUC in maternal plasma and in breast milk was 0.95 (P < 0.01), 0.97 (P < 0.01) and 0.98 (P < 0.01), for 2-4 weeks, 3-4 months and 6-8 months PP, respectively (data not shown). These correlations indicate that, regardless of the infant's age, lower maternal doses are generally associated with lesser infant exposure to atenolol through breast milk.
Paired maternal atenolol PK comparisons were performed with the data from 17 subjects that completed all 3 study days. Two of these 17 subjects experienced difficulties in breast milk collection. Therefore, breast milk results are reported for 15 women completing all 3 study days. In these subjects, average maternal atenolol daily doses at 2-4 weeks, 3-4 months and 6-8 months PP were 52.9 ± 24.8 mg (NS), 47.1 ± 27.8 mg (NS), and 44.1 ± 24.2 mg, respectively.
Average atenolol concentration-time profiles (adjusted to 50 mg/day) in breast milk and maternal plasma during all 3 study days are depicted in Figure 3 . Atenolol AUC in breast milk, breast milk:plasma AUC ratio, actual and dose-normalized maximum breast milk concentrations, the amount excreted in the breast milk, the fraction of maternal dose excreted in breast milk, and mammary clearance were significantly higher 2-4 weeks PP than 6-8 months PP (Table 2 ). Infant exposure (absolute and relative) was significantly higher at both 2-4 weeks and 3-4 months as compared to 6-8 months PP (Table 2 ). Atenolol plasma concentrations in all 3-4 months old study infants were below the limit of assay quantification (10 ng/mL). Crying heart rates were significantly higher than resting heart rates in all study infants, 179 ± 25 beats/minute (range 132-210 beats/minute), vs. 124 ± 15 beats/minute (range 100-160 beats/minute), respectively, P < 0.01). The average increase in heart rate with crying was 46 ± 26%. During the ~9 hour time period between last maternal atenolol dose and blood sampling from the infant, the infants consumed 228 ± 122 mL of breast milk, through which they were exposed to 80 ± 43 μg (range, 5-161 μg; 1-26 μg/kg) of atenolol. This would translate into an average atenolol exposure of 36 ± 19μg/kg/day (range, 2-70 μg/kg/day).
Estimated maternal atenolol plasma PK parameters are reported in Table 3 . Of interest is the significantly higher creatinine clearance seen 6-8 months PP as compared to 2-4 weeks and 3-4 months PP within the same subjects (Table 3 ). There was a strong correlation between creatinine clearance and atenolol renal clearance (r = 0.75, data not shown), although atenolol renal clearance did not change significantly over the 6-8 months PP. Plasma AUC of atenolol was significantly greater (P < 0.01) 2-4 weeks PP than 6-8 months PP. However, when normalized to maternal atenolol dose, this change was not statistically significant (Table 3) . No other significant changes were observed in maternal atenolol PK 2-4 weeks or 3-4 months PP as compared to 6-8 months PP.
DISCUSSION
The American Academy of Pediatrics lists atenolol as one of the drugs that has been "associated with significant effects on some nursing infants" 1 based on a single case report of an infant who appeared to have atenolol side effects from breastfeeding. 3 This case has been debated in the literature, 14, 15 and no other reports of infants developing adverse effects from atenolol as a result of breastfeeding have been found.
Our findings indicate that atenolol concentrates in breast milk, as demonstrated by mean breast milk:plasma AUC ratios greater than 4.9 during all study stages (Table 2 ). These ratios are in line with the earlier data from 7 patients, 7 but are greater than those reported by others. 5, 6 , 8 Nevertheless, the actual amount of atenolol excreted in the breast milk over one dosing interval was on average less than 1% of the maternal dose on all study days. The mean relative infant dose was less than 15% of the mother's weight-adjusted dose on the 2-4 weeks PP study day. On the other study days, the mean relative infant dose was less than 10%, an exposure level that would be considered safe for most medications. 16 However, for individual outliers, the highest relative infant doses at 2-4 weeks and 3-4 months PP were 34.8% and 17.8%, respectively. In addition, although determination of the relative infant dose is the gold standard for estimating the infant risk, 16 it may be somewhat misleading, as it is reported relative to maternal dose, and actual infant exposure may be more clinically relevant. Therefore, we also reported actual infant exposure as well as the infant exposure as a percentage of atenolol pediatric dosage, using the actual amount of atenolol excreted in the breast milk across all study participants. Although the safety and effectiveness of atenolol in pediatric patients have not been established, it has been reported in a study of 24 children (1.8-18.2 years of age) that dosages less than 800 μg/kg/day are not effective in the treatment of supraventricular tachycardia (SVT). 17 In another study of 22 children (6 weeks to 16.5 years of age) treated with atenolol for SVT, 59% had good control of their tachycardia with therapeutic dosages ranging from 300-1300 μg/kg/day. Only 1 child younger than 1 year of age participated in the study (6 week old infant) and received 2000 μg/kg/day, but the atenolol was discontinued for recurrent tachycardia. Two other children that were less than 2 years of age participated in the study and both were successfully treated with atenolol (800 and 1100 μg/kg/day). 18 Accordingly, the recommended oral initial antiarrhythmic dose of atenolol in children ranges from 300 to 1000 μg/kg/day. 17 -19 Based on our estimation, a 2-4 week old infant girl would be exposed to 28 ± 17 % (range 3-86%) of the lowest initial atenolol pediatric dosage (300 μg/kg/day) or 10 ± 6% (1-32%) of the lowest therapeutic atenolol pediatric dosage (800 μg/ kg/day) if they consumed the amount of atenolol excreted in the breast milk in our study. The 300 μg/kg/day is approximately equivalent to 25 mg/day for an adult patient. Although for the vast majority of healthy term infants, atenolol exposure via breast milk will have no pharmacologic effect, it is possible that in the case of the extreme outlier, the exposure to 86% of the starting dose or 32% of the therapeutic dose of atenolol could have some pharmacologic effect, particularly if the infant is highly sensitive to beta blockers. Whether this translates into clinically significant effects requiring a change in maternal therapy or discontinuation of breastfeeding would need to be evaluated on a case by case basis. If clinical concerns arise for a nursing infant, monitoring infant heart rate should be helpful. Some have suggested that alternative beta-blockers should be selected during breastfeeding. 16 However, the huge changes in the PK of beta-blockers such as metoprolol 20 , 21 during pregnancy and the unknown time course for the changes returning to baseline PP, make this approach somewhat challenging.
In addition to the described exposure to atenolol via breast milk, further evidence of the safety of maternal atenolol administration while breastfeeding in this study is that atenolol was not quantifiable (<10 ng/mL) in any of the 3-4 months old nursing infants' plasma whose mothers were taking atenolol, despite ingestion of up to 161 μg of atenolol in the 9 hours prior to the blood draw (up to 70 μg/kg/day). This is not surprising, given that in the mothers, 10-fold greater body weight-adjusted dose resulted in average blood concentrations of 118 ± 74 ng/ mL and maximal concentrations of 215 ± 138 ng/mL. The atenolol exposure for the infant consuming 70 μg/kg/day was approximately the same or higher than that found in half of the 2-4 weeks infants and that found in all the 3-4 and 6-8 months infants, with the exception of a single 3-4 months outlier. Of the 2-4 weeks infants, only 1 outlier was exposed to > 50% of the 300 μg/kg/day starting atenolol dose. Moreover, the crying heart rates of all the 3-4 months old nursing infants were 46% higher than resting heart rates. The increases were on the same order of magnitude previously reported in normal infants, [22] [23] [24] demonstrating that the infants exposed to atenolol via breast milk were not experiencing a pharmacologic effect from atenolol.
The decrease in atenolol excretion into breast milk from 2-4 weeks PP to 6-8 months PP can be explained in part by a concurrent decrease in its maternal blood concentration (Table 3) as well as a decrease in mammary clearance, with corresponding lower breast milk:maternal plasma AUC ratio on the later study days. This suggests alterations in atenolol transfer into breast milk with time PP. Atenolol is a substrate for organic anion transporting polypeptides (OATPs), 25 and several OATPs have been localized to human mammary epithelial cells, 26 but the effect of time postpartum on OATP expression and activity as well as the contribution of these transporters to atenolol transfer into breast milk have not been characterized. Nevertheless, our data are consistent with decreasing mammary OATP activity with time postpartum.
One of the points that the American Academy of Pediatrics suggests considering before prescribing medications to lactating women is "drug exposure to the nursing infant may be minimized by having the mother take the medication just after she has breastfed the infant or just before the infant is due to have a lengthy sleep period." 1 In women taking atenolol, the average time to maximum concentration in the breast milk post-atenolol dosing was greater than 4.4 hours in each of the study stages. Interestingly, 5 of the subjects had at least one study day in which the maximum atenolol concentration in the breast milk occurred in the milk that was pumped just prior to dosing. Therefore, the general suggestion by the American Academy of Pediatrics, which is intended to avoid peak drug concentrations in breast milk will not work and may actually increase atenolol exposure.
Our data show that there is a statistically significant increase in creatinine clearance 6-8 months PP compared with 2-4 weeks and 3-4 months PP, which remains after correcting for body weight (Table 3) . Although there was a good correlation (r = 0.75) between creatinine clearance and atenolol renal clearance (data not shown), the change in creatinine clearance did not result in clinically significant changes in maternal atenolol steady-state PK, that would require alterations in medication management. Whereas creatinine clearance has been assumed to return to baseline by 3-4 months PP, 27, 28 we were unable to locate any published studies describing the changes in creatinine clearance in lactating women in the first 6-8 months following delivery. The modest increase in creatinine clearance seen in our study may reflect kidney function returning to baseline after a pregnancy complicated by treated hypertension. Alternatively, it could result from decreasing prolactin concentrations over the first six months PP in lactating women. Between 8 and 60 days PP, basal prolactin concentrations are comparable to those observed in non-nursing women, but increase during breastfeeding. 29 , 30 After 60 days, nursing is associated with lower prolactin concentrations, 30 and mean concentrations decrease with time. 31 Prolactin has been associated with decreased renal function in humans and in rodents, 32, 33 possibly via direct effect on renal prolactinergic receptors, alteration in renal blood flow, enhancement of aldosterone secretion, or a combination of these mechanisms. 33 Future studies are needed to investigate the mechanisms for the rise in creatinine clearance 6-8 months PP and its potential implications for drug therapy.
There are limitations of this study that deserve comment. First, we did not study the exposure to atenolol through breast milk for infants younger than 2 weeks or preterm infants, in which renal function is not fully mature. 34 Second, heart rate response and infant atenolol plasma concentrations were evaluated in 3-4 month old infants only. Third, we studied only three mothers treated with the highest daily atenolol dose (200 mg/day). Forth, our estimation of infant atenolol daily exposure were made by doubling the 12 hr exposure which is likely an overestimation of infant exposure because women do not breastfeed their infant as frequently at night. Finally, we conservatively used a 50 th percentile female infant as our standard for determining the weight-normalized infant exposure. This normalization may be an overestimation of the exposure to atenolol for male infants.
In conclusion, based on the pharmacokinetic and pharmacodynamic findings in this study, we expect that for the vast majority of healthy, term infants, the exposure to atenolol through breast milk would not result in pharmacologic effects. However, there may be outliers that will be exposed to atenolol amounts close to starting atenolol doses. Therefore, clinicians caring for nursing infants whose mothers are treated with atenolol may be reassured by monitoring infant heart rate. In addition, premature infants that are receiving a substantial portion of their nutrition from breast milk and those with kidney disease require further study. There is a significant increase in creatinine clearance 6-8 months PP relative to 2-4 weeks and 3-4 months PP in lactating women, but this does not translate into clinically significant changes in atenolol pharmacokinetics. Correlation between atenolol dose (A) or atenolol maternal plasma AUC (B) and atenolol AUC in breast milk for 2-4 weeks (n=32), 3-4 months (N=22), and 6-8 months (n=15) postpartum. Average atenolol concentration-time profiles in plasma and breast milk (n=15) for subjects treated with atenolol twice daily (adjusted to 50 mg/day) 2-4 weeks postpartum (A), 3-4 months postpartum (B), and 6-8 months postpartum (C). Error bars represent standard deviations. Table 2 Estimated Atenolol Breast Milk Pharmacokinetic Parameters (mean ± SD) 2-4 Weeks, 3-4 Months and 6-8 Months Postpartum. 
